Abstract. This paper deals with the spatial distribution pattern of the bird-dispersed plant Daphne gnidium in a 10-yr abandoned field under Mediterranean conditions. Colonization of Mediterranean old-fields by bird-dispersed plants is expected to fit a theoretical model in which (1) seed dispersal follows a negative exponential curve with the distance from the seed source and (2) seedlings are better established under perches (nucleation sensu Yarranton & Morrison 1974) . However, post-dispersal processes such as seed predation, seed germination and seedling establishment are also spatial-dependent and can lead to spatial autocorrelation in the seedling distribution within an old-field.
Introduction
Since the beginning of this century, cultivated areas in many regions of Mediterranean Europe are being recolonized by natural vegetation, due to the 'rural exodus' (Brouwer 1991; Debussche et al. 1996) . Seed dispersal by frugivorous birds is one of the main processes involved in the colonization of Mediterranean oldfields (Debussche et al. 1982 (Debussche et al. , 1985 Ne'eman & Izhaki 1996) . As frugivorous birds have a marked preference for trees and shrubs acting as perches (Debussche et al. 1985; Debussche & Lepart 1992) , colonization of abandoned fields can be produced by means of this directional dispersal from the source of the seeds towards the field. Both the curve of seed dispersal with distance from the seed source and the presence of nucleating trees (sensu Yarranton & Morrison 1974) are the two main processes analysed to fit the colonization models followed by bird-dispersed plants.
Taking into account these two processes and the size and behaviour of the dispersers, Debussche & Lepart (1992) proposed two models of seed shadows generated by birds. These models are: (1) small-sized birds that usually consume small fruits produce seed shadows following a negative exponential decrease from the seed source over a distance of up to 50 m and localized increases under perches; (2) Medium-sized birds that usually consume large fruits produce seed shadows clumped under the roosting place that can be located far away from the seed source.
The first process of the model, i.e. the curve of seed dispersal with distance from the seed source, has been widely studied. Willson (1992 Willson ( , 1993 reviewed data from the literature and found that seed dispersal curves usually follow a leptokurtic distribution where the slope decreases exponentially from the peak, or, less commonly, they fit a negative power function. Even though the tail distribution has been less studied, it can be fitted to algebraic and/or exponential types (Portnoy & Willson 1993) .
As to the second process of the model, nucleation around trees, in Mediterranean habitats the role of perches as attractors to frugivorous birds has long been documented (Izhaki et al. 1991; Debussche & Isenmann 1994) . Thus, dispersed seeds are clumped under these perches.
As Debussche & Lepart (1992) noted, the colonization of Mediterranean old-fields is expected to fit their first model. However, post-dispersal processes such as seed predation, seed germination and seedling establishment can also be spatially dependent and alter the spatial distribution pattern of colonizing seedlings.
Seed predation may alter the spatial pattern of seed shadows generated by birds at different spatial scales (Janzen 1971; Webb & Willson 1985; Willson & Whelan 1990) . At fine scales, predators may be attracted by clumps of seeds around perches and forage selectively around them. However, Verdú & García-Fayos (1996a) documented that even though seeds are distributed in clumps, seed predation within Mediterranean old-fields is not higher beneath perches than outside. At coarser scales, a significant spatial component of seed predation was found, because the seed predation rate decreased from shrubland patches through distant fields.
The spatial component of seed germination is linked to the distribution of microsites. Microsites may affect plant community composition through germination and survival of propagules (Eriksson & Ehrlén 1992; Smallidge & Leopold 1995) . Similarly, seedling establishment has a spatial component linked to the presence of competing vegetation and favourable soil conditions. Berkowitz et al. (1995) found in several habitats, including old-fields, that seedling growth limitation was produced because of the competition with vegetation in highquality sites whereas limitation in unfavourable sites was due to physical stress. In Mediterranean old-fields, germination and seedling establishment are favoured under perches, due to the micro-environmental conditions beneath their canopies (Verdú & García-Fayos 1996b) . These spatially dependent processes, which are not dependent on the disperser's behaviour, can lead to spatial autocorrelation in the seedling distribution within an old-field. For example, spatial autocorrelation in seedling populations of weeds and annual grasseswhere bird behaviour is not relevant in the dispersal process -has been documented in agricultural fields (Cardina et al. 1996) . Because variation in the colonization process may occur at different scales, spatial scaling methods are needed to study this (Webster 1985) .
The aim of this paper is to test over a long distance range (575 m), in an olive grove which was abandoned 10 yr ago and subsequently colonized by the fleshyfruited plant Daphne gnidium:
(1) the colonization model with the two classical parameters (dispersal curve and nucleation);
(2) the occurrence of spatial autocorrelation in the seedling distribution after fitting the colonization model.
Methods
Daphne gnidium (Thymelaeaceae) is a sclerophyllous and evergreen hermaphroditic sub-shrub pollinated by insects, with one-seeded fleshy fruits dispersed by birds (J. Herrera 1987; C.M. Herrera 1992) .
Sampling was carried out in the Parque Nacional de Cabañeros, located in the province of Ciudad Real, central Spain. The climate is Mediterranean, with hot and dry summers and mild winters. This park is a natural reserve of Mediterranean shrubland; it also includes large cultivated fields, which were abandoned in 1984. Mediterranean shrubland expands on the slopes whereas the fields are located at the bottom of the valleys.
We selected a 575 m × 160 m olive grove at the edge of the shrubland to test both parameters of the colonization model, dispersal curve and nucleation. Due to the location of the field and the presence of cultivated areas around the olive grove, seed dispersal was necessarily unidirectional; therefore we could determine the origin and the distance travelled by the seed. This assumption could also be made because none of the D. gnidium individuals colonizing the old-field were reproductive. By selecting an olive grove we could also test the nucleation parameter of the colonization model by considering the olive trees as perches.
We sampled the field in 5 m × 5 m plots, which should yield 575/5 × 160/5 = 3680 sampling units; however, because the cultivated area entered into some plots at the end of the abandoned field, the final sample size was 3616 plots. In each 5 m × 5 m plot, we recorded: (1) the coordinate of the plot, being the origin of coordinates in the upper left corner of the imaginary grid; (2) presence or absence of perches, and (3) presence or absence of D. gnidium individuals. The size of the plots was selected so as to include the whole canopy of the olive tree in one plot. All the olive trees were similar in both canopy diameter (5 m × 5 m) and height (3 -4 m).
The density of D. gnidium in the shrubland was 0.046 ± 0.005 ind/m 2 whereas the density in the field was 0.001 ind/m 2 . Other fleshy-fruited plants were The main species colonizing the field was D. gnidium, followed by Asparagus acutifolius: 0.004 ± 0.002 ind/m 2 in the shrubland and 0.0007 ind/m 2 in the field. Probably, chemical defences in D. gnidium (Stout et al. 1970 ) and mechanical defences in Asparagus acutifolius allow these species to escape from deer (Cervus elaphus) herbivory and therefore they are able to colonize the old-field. Deer predation on the seedling and saplings of the rest of fleshy-fruited species was very strong.
Statistical analysis
The premise of decreasing seedling density as a function of distance from the seed source was tested by fitting the equation ln y = mx + b , where y is the seedling density occurring at a given distance from the seed source. Three lines of 5 m × 5 m plots were pooled to obtain seedling densities. Therefore, as each distance interval corresponded to 15 m from the seed source and the field width was 160 m, seedling density was referred to an area of 15 m × 160 m = 2400 m 2 .
A logistic regression model (Hosmer & Lemeshow 1989) was built with seedling presence within the 5 m × 5 m plot as the dependent variable, and perch presence and distance of the plot to the shrubland patch as the independent variables. Seedling presence usually occurred at the density of one individual per plot. Therefore, the value 0 was assigned to a plot if seedlings of D. gnidium were absent, and 1 if at least one seedling was present within the 5 m × 5 m plot. Perch presence was coded as 0 if there was no perch, and 1 if the perch was present within the plot. The distance from the plot to the shrubland patch was considered as a continuous variable. The Wald statistic was used to test the null hypothesis that the coefficient B in the logistic regression model is zero. The general equation of logistic regression is:
To detect if some spatial variation in seedling distribution still remained after removing the variance explained by the variables in the logistic regression equation -perch presence and distance of the plot to the shrubland patch -we constructed a semivariogram with the 3616 statistical residuals produced by the logistic regression. If data are spatially independent (two nearby points are, on average, no more likely to be similar than two distant points) a horizontal semivariogram at all scales is expected (Palmer 1988) . For the semivariogram, distance was considered in discrete distance classes of 5 m, corresponding to the size of the sampling plots. The active lag of the semivariogram was 383 m, which represented 2/3 of the maximum lag (575 m). The last third of the semivariogram was not used, as recommended by Legendre & Fortin (1989) . The percentage of spatially structured variance was measured as the proportion of model sample variance (the semivariogram asymptote or sill, or C o + C) explained by structural variance C.
Logistic regression was performed using SPSS (Norusis 1990 ) and geostatistical calculations were run with the program GS+ (Anon. 1995) .
Results
The density of D. gnidium seedlings decreased exponentially with distance from the seed source (Fig. 1) . The regression was statistically significant (t = -5.4; p < 0.001; df = 34). This decreasing trend was also illustrated in the logistic regression model, where the distance to the shrubland showed a significant, negative value for the parameter B (Table 1) .
Nucleation was found under olive trees, where the probability of seedling establishment was 138.5 × higher than that outside the perch (Table 1) .
After removing the variance associated with both the dispersal curve and nucleation, some variance still remained spatially structured, as the semivariogram constructed with the statistical residuals of the above logistic regression shows (Fig. 2) . The semivariogram was fitted to theoretical semivariogram models, obtaining the best fit for the Gaussian model and indicating that 29 % of the variance was spatially structured within a range of 210.9 m ( Table 2 ). The semivariogram showed a 'nugget effect' (amount of variance at infinite small separation distances), and illustrated three different trends, marked with numbers in the graph.
The 'nugget effect' corresponded to a semivariance around 0.015. The first trend shown in the semivariogram was a spatial dependence on a scale finer than 20 m. At this scale, semivariance increased to 0.0161. After this increment, the second trend in the semivariogram is shown by a flat semivariance that stabilized around 0.160 along the lags 20 and 250, indicating spatial independence. The third trend revealed, for distance intervals longer than 250 m, a linear increment in the semivariance, reaching a value of 0.180 within the active lag of the semivariogram. 
Discussion
Colonization of old-fields by bird-dispersed plants has been analysed by taking into account only two parameters: (1) the curve of seed dispersal with distance from the seed source and (2) the presence of nucleating trees. The results of this study show that both parameters reasonably well explained the seedling spatial distribution of Daphne gnidium colonizing an olive grove, but that some variance with a spatial component remained unexplained.
Seedling density significantly decreased as a function of the distance from the shrubland acting as seed source. Post-dispersal processes such as seed predation, germination and seedling survival can modify the spatial pattern of seed shadows produced by frugivorous birds. However, the seedling curve as a function of distance obtained in this study followed a negative semilog equation (with a slope of -0.54, like seed dispersal curves from individual plants in Mediterranean old-fields (Sambucus nigra: Debussche et al. 1985; Debussche & Isenmann 1994 ; Buxus sempervirens: Debussche & Lepart 1992) . This fact suggests that the spatial distribution pattern of colonizing D. gnidium seedlings has not been strongly affected by post-dispersal processes.
The other factor analysed in the model is nucleation under perches; this is also fitted in this study because the seedling presence was linked to that of the perch. Both attraction of seed dispersers and favourable microenvironmental conditions for germination and seedling establishment can explain the nucleation process under perches (Verdú & García-Fayos 1996b) . Nucleation pattern is very extended not only in Mediterranean oldfields (Debussche et al. 1985; Debussche & Lepart 1992) but also in tropical old-fields (Willson & Crome 1989) , and North-American old-fields (McClanahan & Wolfe 1993) . Nevertheless, not all the variation is explained by those two processes (unidirectional dispersal and nucleation) because spatial dependence appeared at small (< 20 m) and large (> 250 m) distance intervals. This fact indicates that some mechanisms with a spatial component, apart from the curve of seed dispersal with distance and nucleation under perches, are also determining the distribution of seedlings colonizing fields.
A theoretical semivariogram model should pass through the origin because semivariance at distance zero is expected to be nil unless the 'nugget effect' was affecting the model. 'Nugget effect' refers to the semivariance at infinite small separation distances, and it can be attributed to either measurement error or to spatial dependence at scales finer than those examined (Legendre & Fortin 1989) . We believe that measurement errors were negligible in this study because the variables were easy to record (presence/absence data and distance from the shrubland). For this reason, most of the 'nugget effect' can be attributed to spatial dependence at a finer scale than that used in this study (5 m × 5 m). We have no data to elucidate the kind of very fine-scale process that should be acting in the establishment of D. gnidium. Soil properties of agricultural ecosystems have been shown to display a great variability at fine spatial scales including physical, chemical and biological attributes (Sterling et al. 1984; Robertson et al. 1997 ). Some of this large amount of variation could be responsible for the variance found at finer scales in our study. Physical variability can be linked to microtopography. It is widely known that microtopography had a marked effect on the establishment of the seedlings (Harper 1977 and references therein) . For example, the place and position in which the seed lands can affect its germination (Sheldon 1974) .
The first trend shown in the semivariogram is that semivariance increased for the first distance intervals, indicating that close neighbour plots were more similar to each other than plots in general. Perhaps the favourable micro-environmental conditions produced under the canopy of the perch could be extended towards neighbour plots where perch is absent but seedlings can establish for this favourable condition. This effect should be diluted in more distant plots. According to this idea, the increasing trend in semivariance is broken at distance intervals of 20 m. From this distance interval, the semivariogram remained flat (spatial independence) until distance intervals of 250 m. From 250 m onwards, the semivariance increased again, indicating spatial dependence at coarse-scale. This trend indicates that distant plots became more different when the distance separating them, increased. Therefore, the colonization model fails to explain dispersal over a great distance. Long distance dispersal is a less frequent event (Debussche & Isenmann 1994 ) and therefore it is expected that perch presence and/or the distance to the shrubland do not explain the probability of a seed to colonize long distances.
In conclusion, the results illustrate that only at medium spatial scales (from 20 to 250 m distance intervals), Daphne gnidium fitted the model proposed by Debussche & Lepart (1992) , in which small-sized birds produce seed-shadows decreasing exponentially from the seed source and produce localized increases under perches. At fine and coarse spatial scales the model fails to explain the spatial variation, probably because different mechanisms with spatial components are involved in the distribution of seedlings.
